During apoptosis, executioner caspase activity has been considered a point of no 23 return. However, recent studies show that cells can survive caspase activation 24 following transient apoptotic stimuli, a process named anastasis. To identify a 25 molecular signature, we performed whole transcriptome RNA sequencing of 26 untreated, apoptotic, and recovering HeLa cells. We found that anastasis is an 27 active, two-stage program. During the early stage, cells transition from growth-28 arrested to growing. In the late stage, cells change from proliferating to migratory. 29 Strikingly, some early recovery mRNAs were elevated first during apoptosis, 30
Introduction 38
Apoptosis is a cell suicide program that is conserved in multicellular organisms and 39 functions to remove excess or damaged cells during development and stress 1,2 . Excessive 40 apoptosis contributes to degenerative diseases, whereas blocking apoptosis can cause 41 cancer 3 . Apoptotic cells exhibit distinctive morphological changes 4 caused by activation 42 of proteases called caspases 5,6 . Activation of executioner caspases is a necessary step 43 during apoptosis 5 and until recently was considered a point of no return 7 . 44 45 However executioner caspase activation is not always sufficient to kill cells under 46 apoptotic stress. For example, caspase 3 activation in cells treated with sub-lethal doses 47 of radiation or chemicals does not cause morphological changes or death, but rather 48 allows cells to survive with caspase-dependent DNA damage that can result in oncogenic 49 transformation 8-10 . In addition, transient treatment of cells with lethal doses of certain 50 apoptosis inducers causes caspase 3 activation sufficient to cause apoptotic 51 morphological changes, yet cells can survive after removing the toxin in a process called 52 anastasis 11 . While most cells fully recover, a small fraction bear mutations, and an even 53 smaller fraction undergo oncogenic transformation. Cell survival following executioner 54 caspase activation has also been reported in cardiac myocytes responding to transient 55 ischemia, in neurons over-expressing Tau, and during normal Drosophila development 12-56 15 . Taken together these studies suggest that cells can recover from the brink of apoptotic 57 cell death and that this can salvage cells, limiting the permanent tissue damage that might 58 otherwise be caused by a transient injury. However, the same process of anastasis in 59 cancer cells might underlie recurrence following transient chemo-or radiation therapy. 60 known, such as the long non-coding RNA LOC284454, a gene predicted to encode a 84 deubiquitinating enzyme (OTUD1), a pseudokinase (TRIB1), and a phosphate carrier 85 protein (SLC34A3). 86
87
We validated the expression patterns of 27 top-ranked differentially expressed (22 88 upregulated and 5 downregulated) genes using quantitative reverse transcription PCR 89 (qRT-PCR). The results of RNAseq and qRT-PCR correlated well, with an R 2 of 0.89 90 ( Figure 1N -P, Supplementary figure S1). Out of 22 top-ranked, up-regulated genes we 91 tested, 18 increased in abundance in HeLa cells recovering from apoptosis induced by a 92 second chemical (10% DMSO), and in a second cell line (human glioma H4 cells) 93 recovering from EtOH-induced apoptosis (Supplementary figure S2 ). This suggests that 94 there is a core anastasis response that is neither cell-line-specific nor apoptosis-inducer-95 specific. 96 97 A principle component analysis (PCA) of the RNAseq data showed that cells undergoing 98 anastasis clustered into two distinct groups: one group composed of cells allowed to 99 recover for 1-4 hours, and a second containing cells that recovered for 8 or 12 hours. 100 Both groups were also clearly different from apoptotic cells and untreated cells ( Figure  101 1Q). We therefore defined the first 4 hrs of recovery as the early stage, and 8 to 12 hrs as 102 late. 103 104
Distinct features of early and late recovery 105
To compare the transcriptional profiles between early and late stages, we used the 106 program AUTOSOME 16 , which clusters genes according to similarities in their 107 expression patterns over time ( Supplementary table S2 ). This approach identified 8 108 clusters containing a total of 1,172 genes upregulated during early recovery, and 6 109 clusters containing 759 genes upregulated late ( Supplementary table S3 ). We refer to 110 these as early and late response genes, respectively (Figure 2A , Supplementary table S3 ). 111
Gene Ontology (GO) analysis revealed enrichment of expected categories such as 112 "regulation of cell death" and "cellular response to stress" in the early response ( Figure  113 2B). The GO term "transcription" was the most significantly enriched, indicating 114 induction of transcription factors during initiation of anastasis ( Figure 2B ). The term 115 "chromatin modification" was also enriched. Enrichment of early response genes in 116 "regulation of cell proliferation" and "regulation of cell cycle" terms suggested that 117 removing apoptotic stress released cells from a growth-arrested state to re-enter the cell 118 cycle and proliferate ( Figure 2B ). Remarkably, the classes of early and late response 119 genes were very different. The late response was enriched in posttranscriptional activities 120 such as ncRNA processing and ribosome biogenesis. 121 122 KEGG pathway analysis showed early response genes to be enriched in cell cycle and 123 pro-survival pathways such as TGFβ, MAPK, and Wnt signaling ( Figure 2C ). The late 124 response showed enrichment in general post-transcriptional pathways such as ribosome 125 biogenesis, RNA transport, protein processing, and endocytosis, as well as specific 126 pathways such as focal adhesion and regulation of actin cytoskeleton ( Figure 2C ). 127 wound-healing assays. Scratch wounds made in monolayers of cells allowed to recover 139 from EtOH treatment for 16 hrs closed faster than that in mock-treated monolayers 140 ( Figure 3C , D), even though they exhibited a lower cell number and slightly slower 141 proliferation rate (Supplementary figure S4) . In both mock-treated and EtOH-treated 142 cells, those that migrated to fill the wound were more elongated than cells lagging behind 143 ( Figure 3E ). A larger proportion of cells recovering from EtOH treatment showed this 144 elongated morphology compared to mock-treated cells ( Figure 3F , G), suggesting this 145 morphology might facilitate migration and wound closure. 146 147
Recovery from apoptotic stress is different from recovery from autophagy 148
The observed enrichment of cell cycle components in the early response suggested that 149 one facet of anastasis is re-entry into the cell cycle following growth arrest during 150 apoptosis. To distinguish which molecular features of anastasis were common to another 151 type of growth arrest and recovery, and to identify those more likely to be specific to 152 anastasis, we evaluated the expression of the top-ranked, differentially expressed 153 anastasis genes in cells undergoing recovery from nutrient deprivation. Nutrient 154 deprivation induces growth arrest and autophagy, a process that can promote survival 17, 18 . 155
Autophagy results in degradation of cytoplasmic components in autophagosomes, which 156 are double-membrane-bound vesicles that sequester cytoplasm and fuse with 157 lysosomes 17 . However expression of autophagy genes was not induced during anastasis, 158
suggesting that the two survival mechanisms differ. A time course showed that amino 159 acid starvation for 2 hours induced autophagy in HeLa cells, shown by increased LC3 160 staining, which is a marker of for autophagosomes. LC3 staining is typically further 161 augmented by blocking fusion between autophagsomes and lysosomes with bafilomycin 162 A1 19 , and this was also true in nutrient-deprived HeLa cells ( Figure 4A -D). Two hours of 163 starvation did not induce caspase 3 activation ( Figure 4E ), although longer treatments 164 did. Of the 24 genes upregulated during anastasis that we tested, 10 were downregulated 165 or only slightly upregulated during recovery from autophagy ( Figure 4F -O). Thus 166 elevated transcription of these 10 genes distinguishes cells in early anastasis from those 167 recovering from autophagy. Furthermore cells recovering from autophagy showed no 168 measurable difference in the rate of wound closure compared to mock treated cells 169 ( Figure 4P , Q). Thus, cells recovering from transient apoptotic stress exhibit both 170 molecular and behavioral hallmarks that distinguish anastasis from recovery from other 171 types of stress that induce growth arrest. 172
The transcriptional profile of cells undergoing anastasis revealed an unknown feature of 175 apoptotic cells that appears to contribute the rapid transition to recovery. We noticed that 176 transcripts corresponding to a subset of early response genes that were induced during the 177 first hour of anastasis were already elevated in abundance in apoptotic cells, relative to 178 untreated cells ( Figure 1O , P, Figure 2A , Supplementary 1A-G). One possible 179 explanation would be that these are genes that drive apoptosis, and that apoptosis had not 180 completely stopped 1 hour after removal of the chemical stress. Alternatively, these could 181 be genes encoding proteins that contribute to recovery, and that cells prepare for that 182 possibility even after caspase activation. To distinguish between these opposing 183 possibilities, we compared the levels of expression of 10 such early genes at 1 hr of 184 recovery after 3 hr EtOH treatment, to the levels in cells left in EtOH for 4 hrs. The 185 mRNA levels after 4 hr EtOH treatment were significantly lower than those at 1 hr 186 recovery, indicating that accumulation of these mRNAs was associated with the survival 187 response ( Figure 5A -J). We analyzed the corresponding protein levels for five of the 188 early response targets for which antibodies were available. The protein levels remained 189 unchanged or were slightly reduced during apoptosis ( Figure 5K ), suggesting that while 190 the mRNAs accumulated, their translation was inhibited, consistent with prior 191 observations of downregulated protein synthesis in apoptotic cells 20 . This intriguing 192 finding supports the idea that even during apoptosis, cells actually poise for recovery by 193 synthesizing, or protecting from degradation, specific mRNAs encoding survival 194 proteins, which are however not translated. If apoptotic stress persists, the mRNAs are 195 degraded and the cells die. However, if the apoptotic stress disappears, cells are prepared 196 to rapidly synthesize survival proteins. This 'poised for recovery' state may help to 197 explain the rapid recovery after stress removal. Snail is one of the mRNAs enriched in apoptotic cells and then highly induced in early 201 recovery, and has been reported to protect cells from apoptosis 21, 22 . We found that Snail 202 protein levels increased during recovery ( Figure 5K ). In addition, knocking down Snail 203 expression by stably expressing short hairpin RNA (shRNA) reduced the endogenous 204
Snail protein level ( Figure 6A ) and reduced the percentage of cells surviving EtOH-205 induced apoptosis ( Figure 6B ). We also found increased PARP1 cleavage in Snail-206 depleted cells following EtOH treatment ( Figure 6A ). Therefore the poor recovery 207 
Induction of angiogenesis-related genes throughout recovery. 237
While TGFβ signaling and Snail expression were transiently elevated during early 238 recovery, some angiogenesis-related genes were persistently elevated throughout the 12 239 hours examined. Placenta growth factor (PGF) binds vascular endothelial growth factor 240 receptor (VEGFR) and stimulates endothelial cell proliferation and migration 26 . PGF was 241 among the top 10 upregulated genes at every time point during apoptosis and recovery 242 (Supplementary table S1). PGF mRNA increased ~22-fold at 1hr recovery, and even after 243 24hr recovery, PGF mRNA was 3-fold higher in EtOH-treated cells compared to mock-244 treated cells ( Figure 7A The ability of cells to survive caspase-3 activity has implications for normal 258 development, cancer, and degenerative and ischemic diseases. Here we report the first 259 molecular characterization of cells recovering from the brink of apoptotic cell death. The 260 data show that anastasis proceeds in two clearly defined stages that are characterized by 261 distinct repertoires of genes. In the early stage, cells transcribe mRNAs encoding many 262 transcription factors and re-enter cell cycle. In the late stage, cells pause in proliferation 263 while increasing migration. While the proliferation and migration responses were 264 transient, others were longer lasting. For example, we found that cells that have 265 undergone anastasis elevate expression of angiogenesis-related genes for 24 hours. In 266 vivo, these factors would be expected to exert a non-autonomous effect of stimulating 267 blood vessel growth. Taken together the results presented here demonstrate that cells anastasis. If cancer cells exposed to radiation or chemotherapy during treatment escape 284 death via anastasis, TGFβ signaling and Snail expression would be induced, and these 285 critical regulators of EMT 32 would confer resistance to further chemotherapy and 286 radiation 33 . Therefore anastasis could in principle drive EMT-dependent tumor 287
recurrence. 288
In vivo, fast growing tumors require formation of new blood vessels to supply nutrients 290 and provide a route to metastasis 36 . Common cancer treatments, like tumor resection, can 291 induce extensive angiogenesis, which may promote tumor recurrence 37 . In fact, elevated 292 expression of angiogenic factors and/or increased blood vessel formation have been 293 found in recurrent craniopharyngioma, bladder cancer, squamous cell carcinoma after 294 surgery or irradiation [38] [39] [40] . Our results imply if tumor cells survive apoptosis triggered by 295 chemotherapy, irradiation or surgery, these survivors may upregulate production of pro-296 angiogenic factors to facilitate angiogenesis and tumor recurrence. 297
298
In addition to providing insight into the molecular nature of anastasis, the work presented 299 here uncovers an unanticipated aspect of apoptosis. Even during apoptosis, cells poise for 300 recovery by accumulating mRNAs encoding survival proteins. The proteins however are 301 not expressed until and unless they are needed to reverse the apoptotic process. We 302 propose that this facilitates rapid recovery upon removal of the apoptotic stimulus. 303
Apoptosis and caspase 3 have been linked to tumor recurrence. In cancer patients, the rate 304 of recurrence is positively correlated with the amount of activated caspase 3 in tumor 305 tissues 41,42 . One explanation that has been offered to explain this somewhat paradoxical 306 result is that after radiotherapy or chemotherapy, activated caspase 3 promotes production 307 of pro-growth signals that are released from dying cells to stimulate proliferation of 308 living tumor cells, leading to tumor recurrence 41, 43, 44 . Dying cells can also secrete VEGF 309 in a caspase-dependent way to promote angiogenesis after irradiation 45 . These previous 310 studies proposed that apoptotic cells induce non-autonomous compensatory proliferation 311 in neighboring cells. The model is that cells that activate caspase 3 die and stimulate cells 312 without activated caspase to proliferate and grow. However, our study suggests another 313 possible mechanism underlying tumor recurrence: that tumor cells with activated caspase 314 3 themselves may eventually survive, proliferate, migrate, and trigger angiogenesis, 315 contributing to tumor repopulation. 316
317
When facing tissue injury, anastasis could in principle facilitate repair and regeneration, 318
and limit the permanent damage that might otherwise occur in response to a powerful but 319 temporary insult. On the other hand, anastasis would be detrimental if adopted by cancer 320 cells in response to chemo-or radiation therapy, thus potentially promoting recurrence. 321
Thus the mechanisms described here fit into the general idea that cancers mimic and co-322 Proton sequencer (Thermo Fisher Scientific). Strand specific single-end reads were 370 generated from sequencing with average read lengths of 75 bp. Reads were mapped to 371 UCSC Human Reference Genome (hg19) using Tophat (v2.0.13) 47 . Reads covering gene 372 coding regions were counted using htseq (v0.6.1) 48 and resulting count data was used for 373 was used for downstream analysis. Count data were first filtered by removing genes with 374 low expression, or genes with less than 50 reads in more than 2 replicates per sample. 375
Remaining count data was normalized using trimmed mean of M-values method using 376 edgeR (v 3.14.0) 49 . Normalized count distributions were fit to a generalized linear model 377 in order to test for differential expression of genes (p-value=0.05) among multiple 378 samples. The differential expression test was corrected for multiple testing by applying 379
the Benjamini-Hochberg method on p-values to control false discovery rate. 
